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Collagenase-3 (MMP13), a member of the matrix metalloproteinase
(MMP) family of neutral endopeptidases, is expressed in the
skeleton during embryonic development and is highly overex-
pressed in human carcinomas and in chondrocytes and synovial
cells in rheumatoid arthritis and osteoarthritis. To determine the
functional roles of Mmp13, we generated Mmp13-null mice that
showed profound defects in growth plate cartilage with markedly
increased hypertrophic domains as well as delay in endochondral
ossification and formation and vascularization of primary ossifica-
tion centers. Absence of Mmp13 resulted in significant interstitial
collagen accumulation due, in part, to the lack of appropriate
collagenase-mediated cleavage that normally occurs in growth
plates and primary ossification centers. Cartilaginous growth plate
abnormalities persisted in adult mice and phenocopied defects
observed in human hereditary chondrodysplasias. Our findings
demonstrate a unique role of Mmp13 in skeletal development.
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Collagenases, a group of matrix metalloproteinases (MMPs)
that act at neutral pH (1-4), have been postulated to have
a role in skeletal development and bone remodeling (5-8). The
MMPs are members of a large family of proteinases that have
several structural features in common including the presence of
a conserved zinc-binding catalytic domain (1-4). Only the
products of specific MMP genes, MMPI, -2, -8, -13, and -14,
however, have the capacity to cleave native, undenatured, inter-
stitial collagens at a specific helical locus (9-13). Of the colla-
genases, MMP13 (collagenase-3) has been considered to have an
important role in skeletal biology in view of its exclusive
presence in the skeleton during embryonic development in
cartilaginous growth plates and primary centers of ossification
(5-8). MMPI3 is also a downstream target of parathyroid
hormone (PTH)-related protein (PTHrP) (14) and the tran-
scription factor Osf2/Cbfal /Runx2 in growth plate chondrocytes
(15, 16). In contrast to humans, where MMPI may be strongly
expressed, e.g., in inflammation, the orthologue of MMPI,
McolA (12), is expressed in mice only at low levels.

To examine possible functional roles of collagenases during
skeletal development in vivo, we targeted a null mutation to the
Mmp13 gene in mice. Our targeting strategy resulted in splicing
out exon 5 that encodes the zinc-binding residues in the catalytic
domain. As described here, deletion of functional Mmp13 had
profound effects on skeletal development. In Mmpl3~/~ em-
bryos compared with WT embryos, the growth plates were
strikingly lengthened, a defect ascribable predominantly to a
delay in terminal events in the growth plates, with failure to
resorb collagens, as well as a delay in ossification at the primary
centers.

Materials and Methods

Generation of Mmp13—/~ Mice. We isolated two Mmp13 genomic
clones from a 129/J1 library to construct the knockout vector.
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The first was a BamHI/Sall fragment that spanned from ~3.4 kb
of promoter sequence through the first ~1.4 kb of intron 4,
cloned into pT7Blue-3. A PGKneo cassette was inserted between
Sall and Xbal sites that resulted from the cloning. The second
genomic clone served as template for PCR with primers in intron
4 and exon 9 that included new Xbal sites to serve as the 3" arm
(=4.5 kb) of the final construct. The forward primer also
contained sequences of the intron 4 /exon 5 junction followed by
codons for the first two amino acids (YN), a TAA stop codon
with the last 2 bp of the F262 codon deleted, altering the coding
for the critical zinc-binding sequences in the catalytic domain.
This targeting construct thus encodes a truncated protein, but
during transcription, exon 5 might be spliced out.

For gene targeting, the knockout vector was purified and two
clones were linearized in the 5’ or 3’ polylinker and electropo-
rated into J1 embryonic stem (ES) cells. With the vector
linearized at the 5’ end, of 200 G418-resistant clones screened by
PCR, seven had correct integration, confirmed in four by
Southern blotting. With the vector linearized at the 3" end, four
clones had correct integration. ES cells with correct integration
were injected into C57BL/6 blastocysts, and overtly chimeric
males were obtained and mated with WT C57BL/6 females.
DNA from tail snips of agouti offspring was analyzed by PCR
and Southern blotting. Germline transmission was successful
when using each of the two independently derived ES cell clones
and resulted in similar phenotypes.

Tissue Processing and Analysis. Mice were killed by CO, narcosis
to obtain tissue. Bones were removed, cleaned, fixed in 10%
phosphate-buffered formalin, decalcified in 14% EDTA, and
dehydrated in graded alcohol for paraffin embedding. Longitu-
dinal 5-um sections were prepared from embryos and newborns
through the epiphyses and shafts of long bones. Femurs from
adult mice were fixed in 70% ethanol and embedded in glycol
methacrylate, and undecalcified 3-um sections were stained with
toluidene blue.

Immunohistochemistry and Immunoblotting. Antibodies used for
immunohistochemistry and Western blotting were as follows.
A rabbit polyclonal antibody to the N-terminal neoepitope
QRGIV (amino acids 779-783) in the collagenase cleavage
C-terminal 1/4 fragment (B'"l) of mouse and chick type 11
collagen and QRGVYV in B!l of type I collagen was generously
provided by Eunice Lee (Shriners Hospital for Children, Mon-

Abbreviations: dpc, days postconception; ECM, extracellular matrix; PTH, parathyroid
hormone; TRAP, tartrate resistant acid phosphatase.
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treal). Epitope specificity of the antibody to QRGIV was
demonstrated in Western blots of collagenase-digested collag-
ens. Type I collagen was extracted and purified from mouse skin
(17), and chick type II collagen was from Sigma. Human MMPI13
cDNA in the pcDNA 3.1 vector was transfected into human
embryonic kidney (HEK) 293 cells, and conditioned medium
was harvested. Collagenase digestion and analysis was per-
formed as described in ref. 17; proMMP13 was activated by using
1 mM p-aminophenylmercuric acetate. The mouse mAb 9A4
(18), which detects a C-terminal neoepitope (amino acids 769—
775) in collagenase-cleaved collagens [in the « 1(II) chains of
type II collagen and in the o 1(I) chains of type I collagen], was
generously provided by Ivan Otterness (Central Research Divi-
sion, Pfizer, Groton, CT) and was used as described in ref. 19.
The rabbit polyclonal antibody against the C-terminal domain of
mouse type X collagen was generously provided by Bjorn Olsen
(Harvard Medical School). The rabbit polyclonal antibody to
CD31 was from Santa Cruz Biotechnology.

Aliquots of conditioned medium of calvarial cultures or
Mmp13 digests of mouse type I and chick type II collagens were
resolved by SDS/PAGE with 10% polyacrylamide gels (17), and
the proteins were transferred to polyvinylidene difluoride mem-
branes (Hybond-P, Amersham Biosciences). After blocking for
1 h with 5% nonfat dry milk in PBS/0.1% Tween 20 at 4°C,
membranes were incubated for 2 h with an anti-Mmp13 mAb
(Chemicon). After incubation with horseradish peroxidase-
conjugated rabbit anti-mouse IgG for 1 h, immunoreactive bands
were detected by using an ECL system (Amersham Biosciences).

For tissue immunohistochemistry, paraffin sections were re-
hydrated with graded alcohol and blocked with 5% nonfat dry
milk for 30 min, and primary antibodies were applied for 2 h.
After incubation with biotin-conjugated secondary antibody for
1 h, sections were reacted either with the AEC substrate kit for
peroxidase (Vector Laboratories) for light microscopy or with
streptavidin-conjugated Alexa Fluor 568 (Molecular Probes) for
fluorescence microscopy. Images were obtained by using a
Nikon metallurgical microscope (Nikon, Melville, NY) and
recorded by using the SPOT RT Slider digital camera system
(Diagnostic Instruments, Sterling Heights, MI).

In Situ Hybridization and RNA Analysis. Paraffin sections were used
for in situ hybridization with uridine 5'-[a-**S]thiotriphosphate-
labeled antisense riboprobes (Amersham Biosciences) (20). Two
different Mmp13 cRNA probes were used: 5'probe, bp 1-695;
exon 5 probe, bp 627-816 (GenBank accession no. NM_008607).
RNA was isolated from distal femurs and proximal tibias,
including knee joints, and analyzed by Northern blotting (21, 22).
Quantification of mRNA levels was achieved by real-time PCR
with either TagMan probes or SYBR Green and the ABI Prism
7700 sequence detector (Applied Biosystems). Standard curves
for each gene were established by using cDNA templates. Primer
sequences are available on request.

Calvarial Organ Cultures. Calvariae from 5-day-old mice were
isolated aseptically, cleaned, and cultured for 16 h at 37°C under
5% COy in air in 0.5 ml of BGJb medium (Life Technologies)
containing 1 mg/ml BSA (fraction V, Sigma) (21, 22). Half
calvariae were transferred to fresh medium with or without 0.1
uM PTH or 1 nM IL-1« and cultured for an additional 5 days.
Conditioned medium was collected for analysis by Western
blotting, and RNA was extracted from tissue for Northern
blotting and quantification by real-time PCR.

Statistical Analysis. Some data are expressed as means = SEM.
Significance of differences was analyzed by using Student’s ¢ test.
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Fig. 1. Generation of Mmp13~/~ mice. (A) Schematic representation of the
WT Mmp13 locus, the targeting vector, the targeted allele, the position of
EcoRV sites, and the probe used for Southern blot analysis. (B) Southern blot
analysis of genomic DNA from littermate progeny of Mmp13*/~ breeding.
Probes of EcoRV-digested DNA identified the fragments of 8.5 and 7.3 kb for
WT and disrupted alleles, respectively. (C) Northern blot analysis of calvarial
RNA after calvarial organ cultures for 5 days with or without IL-1a or PTH, and
Western blot analysis of conditioned medium from these organ cultures.
Levels of Mmp13 mRNA increased in WT calvariae exposed to IL-1a or PTH in
contrast with Mmp13~/~ calvariae. A marked increase in Mmp13 (Ab:Mmp13)
is seen in Western blots from WT calvarial conditioned medium, but no
increase in Mmp13 is seen in Mmp13~/~ calvarial conditioned medium. (D)
Skeletal development in WT and Mmp13~/~ 15.5- to 18.5-dpc embryos. Sec-
tions of proximal tibias were stained with Alcian blue. Increases in length of
the hypertrophic zones of the growth plates, indicated by the brackets, are
seen in the Mmp13~/~ tibias. (Scale bar: 400 um.)

Results

Mmp13-Null Mutation. The proportion of WT (+/+), Mmp13+/~,
and MmpI3~/~ embryos, based on Southern blot (Fig. 1 A and
B) and PCR analysis, was consistent with Mendelian predictions.
Newborn Mmp13~'~ mice appeared healthy. To assess transcrip-
tion of mutant Mmpl13, total RNA extracted from calvariae of
5-day-old mice was analyzed by RT-PCR with primers that
spanned from exon 4 to exon 7. We found a single band of ~430
bp, as predicted, in WT calvariae but a band of only ~268 bp in
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Fig. 2. Analysis of long bones from WT and Mmp13~/~ mice. (A) Sections of femurs from three different WT and Mmp13~/~ 15.5-dpc embryos stained with
hematoxylin/eosin. The top panels are low-power views, and the other panels are higher-power views. Primary ossification centers are fully formed in WT
samples, but only periosteal cuffs (arrows) are fully formed in Mmp13~/~ samples. (Scale bar: 300 um.) (B) Adjacent sections of femurs and tibias from 15.5-dpc
embryos. In situ hybridization was used for analysis of Mmp13 and -9 mRNAs, and immunohistochemistry was used for analysis of CD31 (seen as red on blue-black
background). Note CD31 (arrows) in primary centers of WT bones but restricted to periosteal cuffs in Mmp13~/~ bones. (Scale bar: 300 um.) (C) Higher-power
images of mid-femurs shown in B. (Scale bar: 300 um.) (D) Mid-femurs as in C. In situ hybridization was used for analysis of Vegf and Co/70a7 mRNAs. (Scale bar:
300 um.) (E) Mid-femurs as in A stained for TRAP. Note the TRAP™ cells (arrows). (Scale bar: 300 um.)

Mmp13~/~ calvariae, consistent with a transcript lacking exon 5
(confirmed by DNA sequencing). No band of 333 bp corre-
sponding to a TAA stop codon-truncated exon 5 was detected.
We expressed in E. coli a Mmp13 cDNA with exon 5 sequences
deleted and found it to be devoid of collagenase activity (data
not shown).

Levels of Mmp13 mRNA increased markedly in cultured WT
calvariae incubated either with IL-la or PTH (Fig. 1C). In
contrast, there was no detectable Mmpl3 mRNA in Mmpl3~/~
calvariae when using the exon 5 probe and barely detectable
mRNA when using the 5’ probe. Western blots of conditioned
medium showed a marked increase in Mmp13 levels induced by
PTH or IL-1a in cultures of WT calvariae; no Mmp13 was
detected in medium from cultures of Mmp13~/~ calvariae (Fig.
1C). The antibody used in these assays recognizes Escherichia
coli-expressed mutant (exon 5 deleted) Mmp13.

Abnormalities of the Limb Growth Plates and Delay in Ossification in
Mmp13-/~ Mice. In sections of long bones from hind limbs (Fig.
1D), the length of the growth plates in MmpI3~/~ embryos was
increased compared with MmpI13*/~ or WT embryos and was
maintained throughout development. The length of the total
growth plate in proximal tibias (measured from articular surface
to primary spongiosa) was increased in Mmp13~/~ embryos vs.
WT embryos by ~20% and that of the hypertrophic zone by
~70%. In addition, the chondrocyte columns in Mmp13~/~ mice
were less well aligned and were disordered compared with those
in WT mice. These abnormalities persisted in newborns and
adults and were still evident in 4-month-old mice.

17194 | www.pnas.org/cgi/doi/10.1073/pnas.0407788101

There was a profound delay in development of the primary
ossification centers in MmpI3~/~ mice. In 15.5-dpc WT embryos
(dpc, days postconception), primary ossification centers were
fully formed in femurs and tibias (Fig. 24), in contrast with
Mmp13~'~ embryos, where primary centers were not formed and
only a diaphyseal periosteal collar was visible. In adjacent
sections (Fig. 2 B and C), Mmp13 expression was prominent in
the primary ossification centers in WT embryos but was not
detected in Mmp 13—/~ embryos. The pattern of immunostaining
for CD31, an endothelial cell marker, in WT embryos correlated
with that of MmpI3 expression, i.e., prominent within the well
formed primary ossification centers. Staining was limited to the
periosteal collar, however, in the Mmp13~/~ embryos (Fig. 2 B
and C). Osteoclasts that express tartrate resistant acid phospha-
tase (TRAP) as well as Mmp9 are apparently important in initial
phases of development of primary ossification centers (23). In
15.5-dpc embryos, the pattern of Mmp9 (Fig. 2 B and C)
expression in WT and Mmpl3~/~ embryos mirrored that of
CD31. Abundant TRAP™ osteoclasts (Fig. 2E) were present in
WT ossification centers, but TRAP™ cells were limited to the
diaphyseal collar in Mmp13~'~ mice. In Mmp13~/~ mice, im-
paired vascularization (shown by CD31 staining) correlated with
the defect in development of primary ossification centers and the
absence of Mmpl3; expression of Mmp9 (24) limited to the
periosteal cuff did not compensate for the absence of Mmp13.

Nevertheless, by 17.5 dpc, when growth plates were still
lengthened, primary ossification centers had formed and abun-
dant TRAP™ cells were found there in MmpI3~/~ and WT mice
(arrows in Fig. 3) and were particularly prominent in the primary

Inada et al.
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Fig.3. Proximal tibias from 17.5-dpc embryos showing TRAP* cells (arrows)
and analysis by in situ hybridization for Mmp13, -9, and -14 mRNAs. (Scale bar:
300 um.)

spongiosa near the edge of the cartilaginous growth plates where
Mmp9 was also highly expressed. Osteoclasts express Mmpl4
(MTI1-Mmp) as well, and Mmp14~'~ mice have defects in endo-
chondral ossification (25, 26). In our studies, Mmpl4 was ex-
pressed in 17.5-dpc embryos in a pattern similar to that of TRAP
and Mmp9 with higher levels in the MmpI3~/~ bones compared
with WT bones (Fig. 3). Collagenase-2 (Mmp8) was not detected
in 15.5- or 17.5-dpc WT embryos but was expressed at low levels
in distal growth plates and primary centers of ossification of 15.5-
and 17.5-dpc Mmp13~/~ embryos (data not shown). In newborn
WT mice, expression of Mmp8 was noted in bone marrow
cavities; levels higher than in WT were observed in newborn
Mmpl13~/~ mice (data not shown). Using real-time PCR with
RNA extracted from the distal femurs and proximal tibias of
newborn WT and Mmp13~'~ mice, Mmp8 mRNA levels were
higher in Mmp13~/~ mice than in WT mice (mean 12.6 vs. 6.8 X
10° molecules per ng of RNA). Mmp9 mRNA levels were also
higher in Mmp13~/~ than in WT mice (mean 3.6 vs. 2.2 X 10*
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molecules per ng of RNA), consistent with the results obtained
by in situ hybridization.

Extracellular Matrix (ECM) Proteins in Endochondral Ossification.
Type X collagen is normally produced only by hypertrophic
chondrocytes in the distal growth plate (27, 28), and mutations
in Coll0al cause chondrodysplasias (28). As shown in Fig. 2D,
in 15.5-dpc embryos and in Fig. 44, in newborns, there was
comparable intensity of expression of Coll0al in growth plates
from WT and Mmpl3~/~ mice. The anatomic domain where
Coll0al was expressed, however, was increased in Mmpl3~/~
mice vs. WT mice, corresponding to the increase in length of the
zone of hypertrophy and consistent with increased numbers of
hypertrophic chondrocytes in Mmp13~/~ mice vs. WT mice.
There was also a striking increase in the domain where type X
collagen was deposited (immunohistochemistry) in the growth
plates in MmpI3~'~ mice vs. WT mice (Fig. 4B). The increase in
deposition of type X collagen in the MmpI3~/~ embryos could
thus be due to decreased resorption (lack of collagenase) or
increased synthesis. The domain of expression of osteopontin,
another marker of chondrocyte hypertrophy (29, 30), was also
increased in the distal growth plates from the Mmp13~/~ mice vs.
WT mice (Fig. 44), consistent with the observed increase in
hypertrophic chondrocytes and delay in ossification.

We provide evidence that Mmp13 expressed in distal growth
plates and primary ossification centers normally functions in
collagen degradation. Staining with the antibody that detects the
QRGIV sequence in the C-terminal (TCB) type II collagen
fragment was observed in distal growth plates in WT mice (Fig.
4B). This antibody also detects the QRGVV epitope in the
TCBD type I collagen fragment (Fig. 4B), which can account
for staining also observed in the WT primary ossification
centers. In contrast, no staining was detected in distal growth
plates from Mmp13~/~ mice and only faint staining was detected
in the bone marrow cavities where other Mmps, e.g., MmpS8, are
also expressed, particularly after birth when these cavities are
populated by MmpS§-expressing hematopoietic cells. Staining
with mAb 9A4 (18) that detects sequences in TCA type II
collagenolytic fragments was seen in the intercellular septae of
distal growth plates and primary centers from newborn WT mice
but not from Mmp13~'~ mice (data not shown). Lack of staining
with antibody to QRGIV and mAb 9A4 in growth plates from
Mmp13~/~ mice suggests that Mmp13 is normally the collage-
nase responsible for collagen degradation in growth plate car-
tilage during endochondral ossification.

Mmp13-+ C
— Type Type i Type Type i
o W Collagen _Callagen Collagen __ Callagen
Mmp13 W - * S Wi 1
Y = ==
B - i
A {0y, 1 {0
ot (1 0 (1)
G2(l) ~ e
TCA= M iy = — —
. -——
TChazm
TCB — e -— — -
SDS Page 1B: GRGIV

Fig.4. Analysis of tibias and femurs. (A) In situ hybridization for Osteopontin and Col/70a7 mRNAs in proximal tibias from 18.5-dpc embryos. Brackets indicate
the lengths of hypertrophic zones. (Scale bar: 300 um.) (B) Proximal femurs from newborn (P0) mice. Sections were stained for type X collagen and for QRGIV
epitope in collagenolytic TCB fragments. Brackets indicate the lengths of hypertrophic zones. Note the absence of anti-QRGIV staining [shown as red on
blue-black background] in distal growth plates and primary centers of Mmp13~/~ bones. (Scale bar: 300 um.) (C) SDS/PAGE stained with Coomassie blue (left)
and Western blots (right) of collagenase (MMP13) digests of types | and Il collagens. The TCB« ' fragments are indicated by arrows. The faster-moving TCB2()
fragment of type | collagen moved off the gel. The QRGIV antibody, which detects the neoepitope in the TCB ' and TCB 1) collagenase-cleavage fragments
of types | and Il collagens, respectively, was used in the immunoblots (IB:QRGIV).

Inada et al. PNAS | December7,2004 | vol. 101 | no.49 | 17195

MEDICAL SCIENCES



Fig. 5. Sections of distal femoral growth plates from 12-wk-old WT and
Mmp13~/~ mice. Brackets indicate the approximate lengths of the growth
plates. Higher-magnification views of the boxed areas in Left are shown in
Right. Note the increased lengths of the growth plates and the irregular
arrangement of the chondrocyte columns in Mmp13~/~ samples vs. WT sam-
ples. (Scale bar: 300 pum.)

Expression of Regulatory Genes in Growth Plates and Primary Ossi-
fication Centers. Intensity of expression by in sifu hybridization of
PTH/PTHIP receptor, Indian hedgehog, and its receptor,
patched, all regulatory factors in developing growth plates (31,
32), was similar in WT and Mmp13~/~ mice (data not shown).
Because vascularization and influx of osteogenic cells from the
primary center of ossification are determinants of the length of
the hypertrophic zone in developing growth plates, we assessed
expression of vascular endothelial growth factor (Vegf) (24, 33,
34). As shown in long bones from 15.5-dpc embryos (Fig. 2D),
expression of Vegf, using in situ hybridization, was limited to cells
in the distal growth plates in WT mice but included cells in the
entire primary center of ossification in Mmp13~/~ mice. The
observed pattern of CD31 staining in 15.5-dpc embryos (Fig. 2
B and C) is consistent with decreased vascular ingrowth and
might be explained by sequestration of Vegf in the cartilage
ECM as proposed by Vu et al. (24), to explain the phenotype of
Mmp9~'~ mice.

Persistent Abnormal Skeletal Phenotype in Adult Mmp 13-/~ Mice. We
emphasize that the formation of primary ossification centers in
the Mmpl3~/~mice, although delayed during embryonic de-
velopment, began to normalize after birth. We found no gross
abnormality in skull or spine of newborn mice. Abnormal
growth plates were still present, however, in 4-wk-old mice and
were associated with a tendency toward metaphyseal flaring
and increased trabecular bone mass (data not shown). The
Mmp13~/~ femurs were also shorter than the WT femurs by
~8%, measured in mice at ages 4 wk (P < 0.01) and 12wk (P <
0.001). As shown in sections of distal femurs from 12-wk-old
Mmp13~'~ mice compared with WT mice (Fig. 5), there was
persistent lengthening of growth plates, increased numbers of
chondrocytes, and irregularly aligned chondrocyte columns as
shown previously in embryos (Figs. 2E and 3).

Discussion

MMP13 (collagenase-3), a highly expressed collagenolytic MMP
in developing bone and cartilage, has been assigned a role in the
joint tissue destruction that is a major feature of various forms
of human arthritis (3, 35, 36). We demonstrate here that a
targeted null mutation in mouse Mmp13 resulted in a profound
embryonic and adult skeletal phenotype characterized by ab-
normal growth plates and delayed ossification. During embry-
onic development at the earliest stage examined, Mmpl3~/~
mice had growth plates in long bones almost double in length,
accounted for by increases in the zone of hypertrophy. Among
the processes that could account for increase in the hypertrophic
zone are decreased proteolysis of the ECM, increased prolifer-

17196 | www.pnas.org/cgi/doi/10.1073/pnas.0407788101

ation of chondrocytes in more proximal portions of growth
plates, decreased apoptosis of the terminal hypertrophic chon-
drocytes and decreased resorption of calcified cartilage by cells
entering with vascular ingrowth from the primary centers of
ossification. Several of these potential mechanisms are operative
in the Mmp13-deficient mice.

With regard to decreased proteolysis, we focused on colla-
gens in the ECM in distal growth plates. Mmp13, produced by
chondrocytes but not by osteoclasts/chondroclasts, is partic-
ularly effective in proteolysis of type II compared to type I
collagen with a high Vimax and low Ky (35). Using antibodies
that detect epitopes in the specific proteolytic fragments, we
obtained evidence for Mmp13 cleavage of type II collagen in
vivo in WT mice but not in MmpI3~/~ mice. It is thus unlikely
that other Mmps compensate for the loss of Mmp13 function
in cartilage. The delay in ossification so prominent in 15.5-dpc
Mmpl3~'~ embryos is largely transient. MmpS8 is clearly ex-
pressed in newborn Mmp13~/~ and WT skeletons (37), and the
faint signal in the primary centers of ossification that we
detected in newborn Mmp13~/~ mice by using the QRGIV TCB
cleavage fragment antibody could be ascribed to action of
Mmp8, produced by hematopoietic cells, on type I collagen.
Type X collagen is also a substrate for MMP1 and Mmp13 (38,
39). We found that the area of type X collagen deposition was
significantly increased in growth plates from MmpI3~/~ mice,
consistent with decreased proteolysis. Thus, decreased prote-
olysis of cartilage ECM is the most likely explanation for our
findings in Mmp13~/~ mice. Nevertheless, because the area
where CollOal was expressed was also greater in Mmpl13~/~
mice, increased synthesis of type X collagen could also con-
tribute. The expression of osteopontin, another molecular
marker of chondrocyte hypertrophy (29, 30), was also in-
creased in Mmpl3~/~ growth plates. Expanded domains of
type X collagen and osteopontin have also been found in mice
with targeted misexpression of DI5, a positive regulator of
chondrocyte maturation (40).

Increased accumulation of type II collagen in the absence of
functional Mmp13 and decreased collagen degradation could
secondarily regulate development of the hypertrophic chon-
drocyte phenotype. An as-integrin-mediated interaction of
osteoblasts with type I collagen is required for activation of
Osf2/Cbfal /Runx2 and induction of osteoblast-specific gene
expression in bone (41, 42). Osf2/Cbfal /Runx2 also acts as a
chondrocyte differentiation factor (42-44). Type II and/or
type X collagens might thus have roles in the regulation of
cartilage-specific gene expression similar to those of type I
collagen in the regulation of bone-specific gene expression.
Further support for a regulatory role for Mmp13 comes from
observations on c-maf-null mice (45). The transcription factor
c-Maf is normally expressed in late hypertrophic chondrocytes
and in 15.5-dpc c-maf-null embryos; intensity of Mmpl3
expression in these cells was markedly reduced. Thus, Mmpl3
could be a direct target of c-Maf (45). Later in development,
however, when the hypertrophic domain was expanded,
Mmp13 expression normalized in the c-maf-null mice. Because
we found increased numbers of hypertrophic chondrocytes in
growth plates from Mmpl3~/~ mice, increased entry of cells
into the hypertrophic chondrocyte pool is a possibility. The
cyclin-dependent kinase inhibitor p57%iP2, which normally
participates in the coordination and differentiation of growth
plate chondrocytes (46), might have a role. The metatarsal
growth plates from 2-wk-old Mmp9~/~ mice were markedly
lengthened (24). Mmp?9 is not a collagenase, however, and in
our Mmp13~/~ mice, growth plates were abnormal despite
increased Mmp9 expression. We tried terminal deoxynucleoti-
dyltransferase-mediated dUTP nick end labeling staining (19)
to assess apoptosis of hypertrophic chondrocytes but noted so
few apoptotic cells in the distal growth plate in any of the mice
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(data not shown) that apoptosis could not explain the differ-
ences in MmplI3~'~ and WT mice.

Our observations are also consistent with altered vascular
penetration into the primary centers of ossification in
MmpI3~'~ mice. Binding of Vegf by infusion of dimerized
soluble receptor Flt-1 reversibly delayed formation of the
primary spongiosa and increased the length of the hypertro-
phic zone of distal growth plates (33). Evidence was presented
suggesting that Vegf was sequestered in the cartilage ECM of
Mmp9~'~ mice and unavailable to bind to its receptor on
vascular endothelial cells (24). Decreased availability of Vegf
in the absence of the proteolytic function of Mmp13 might also
contribute to the widened growth plates. Defects in general
postnatal angiogenesis as well as more specific vascularization
of cartilage have been described in MmplI4~/~ mice where
hypertrophic zones in growth plates are also lengthened (25,
26). An aspect of the phenotype in the MmpI4~/~ mice that
was not observed in the MmpI3~/~ mice was abnormal vas-
cularization of the epiphyses and delayed formation of sec-
ondary centers of ossification. Mmp14 deficiency might result
in failure to activate proMmp13 through a proteolytic cascade
also involving Mmp2 (26). Defects in vascularization might
therefore contribute to the delayed osteoclast migration ob-
served in the Mmpl3~/~ mice because, despite normal or
increased Mmp9 and Mmpl4 expression, osteoclast penetra-
tion is clearly retarded.
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